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Electrochemical	 Impedance	 Spectroscopy	 (EIS)	 is	 a	 very	 powerful	 tool	 to	 study	 the	
behaviour	 of	 electrochemical	 systems.	 According	 to	 Ohm’s	 generalized	 law,	 the	
impedance	concept	 is	only	valid	 if	 the	 linearity	condition	 is	met.	 In	 the	case	that	 the	




of	 the	 system	 on	 the	 obtained	 spectra	 of	 the	 cathodic	 electrode	 of	 an	 alkaline	
electrolyser.		
	







In	 current	days,	 electrochemical	 impedance	 spectroscopy	 (EIS)	 has	 gained	 significant	
relevance	 in	 the	 electrochemistry	 research	 field,	 since	 this	 electrochemical	
measurement	technique	allows	obtaining	information	on	the	internal	state	and	on	the	






The	 impedance	 at	 angular	 frequency 	𝜔 , 	𝑍 𝜔 ,	 of	 a	 given	 system	 is	 defined	 by	
generalized	Ohm’s	law.	The	complex	Ohm’s	law,	and	thus	the	impedance	concept,	are	
only	valid	if	the	hypothesis	of	causality,	linearity	and	stability	are	met	[22].	If	any	of	these	





















measured	 finite	 frequency	 range	 to	 the	 whole	 0;+∞ 	range.	 Several	 extrapolation	
methods	 can	 be	 found	 in	 bibliography.	 The	 most	 important	 ones	 being	 the	 Kendig	
method	 [31],	 the	 Macdonald	 method	 [32]	 and	 the	 Haili	 method	 [33].	 There	 is	 an	
alternative	direct	integration	method	that	avoids	the	problem	of	having	a	finite	range	of	









The	 experimental	 verification	 method	 consists	 in	 verifying	 experimentally	 and	
separately	that	the	conditions	of	causality,	linearity	and	stability	are	met	[29].	
	
Finally,	 the	 regression	method	 is	based	 in	 the	 following	 theorem:	 if	 a	 system	can	be	
fitted	 to	 an	 equivalent	 circuit	model	 that	 satisfies	 the	 KK	 relations	 (e.g.	 The	 Voigt’s	
circuit)	then	the	system	also	satisfies	these	relations	[34].	The	regression	method	was	
initially	introduced	by	Boukamp	[35-36].	This	methodology	has	the	great	advantage	that	
it	 does	 not	 require	 the	 evaluation	 of	 integrals	 over	 an	 infinite	 frequency	 range.	 The	
measurement	model	 tool	 for	 assessing	 the	 consistency	 of	 impedance	 data	 is	mainly	








perturbations	 [43].	 However,	 the	 electrochemical	 systems	 are	 in	 general	 highly	
nonlinear	systems	since	they	are	governed	by	Buttler-Volmer’s	equation	[44].	Thus,	in	





violation	 of	 the	 linearity	 condition	 [26].	 Hirschorn	 and	 Orazem	 observed	 that	
electrochemical	 systems	 only	 exhibit	 nonlinear	 behaviour	 for	 frequencies	 under	 a	
threshold	 frequency	 [38].	 For	 frequencies	 higher	 than	 the	 threshold	 frequency	 the	
system	behaves	linearly	even	if	very	large	perturbations	are	applied.	The	measurement	
model	validation	method	was	able	to	detect	the	violation	of	the	linearity	condition	if	






signal.	 Even	 an	 hybrid	 EIS	 is	 available:	 this	 technique	 continually	 changes	 the	
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perturbation	 amplitude	 in	 order	 to	 fulfil	 the	 linearity	 condition	 during	 the	 whole	
measurement	[46].	
	
The	nonlinearity	of	a	system	 leads	 to	 the	generation	of	harmonics,	which	distort	 the	
obtained	 EIS	 spectra	 [47].	 There	 are	 a	 great	 number	 of	 theoretical	 works	 that	
demonstrate	the	generation	of	non-fundamental	harmonics	due	to	the	nonlinearity	of	










As	 reviewed	 above,	 a	 lot	 of	 works	 can	 be	 found	 in	 literature	 on	 nonlinearity	
identification	and	spectra	validation.	This	work	does	not	aim	to	propose	a	method	for	
nonlinearity	identification.	The	aim	of	this	work	is	to	experimentally	quantify	the	effect	
of	 nonlinearity	 on	 the	 EIS	 spectra	 of	 a	 given	 electrochemical	 system:	 the	 cathodic	
electrode	 of	 an	 alkaline	 electrolyser.	 In	 this	 work,	 authors	 intend	 to	 quantify	
experimentally	 the	 errors	 in	 the	 EIS	 spectra	 caused	 by	 the	 violation	 of	 the	 linearity	
condition;	 and	 determine	 if	 these	 errors	 are	 significant	 or	 not.	 An	 experimental	
approach	has	been	 selected	 for	 this	work	 since	 there	are	already	a	great	number	of	
theoretical	works	in	bibliography	that	deal	with	this	issue,	as	the	theoretical	works	cited	









A	 highly	 nonlinear	 electrochemical	 system	 was	 selected	 for	 this	 work:	 the	 cathodic	
electrode	 of	 an	 alkaline	 electrolyser.	 The	 system	was	 described	 in	 detail	 by	Herraiz-
Cardona	 [54-56].	Due	 to	 its	high	nonlinearity,	 the	selected	system	allows	 to	obtain	a	




The	 experimental	 set	 up	 is	 shown	 in	 figure	 1:	 it	 consists	 in	 a	 three-electrode	












an	 oxygen	 free	 30	 wt.%	 KOH	 solution.	 All	 experiments	 were	 performed	 at 	30℃;	 in	
galvanostatic	mode,	 for	a	DC	current	of	−10	𝑚𝐴	(the	working	electrode	corresponds	
with	 the	 cathodic	 electrode),	 since	 in	 previous	 works	 it	 was	 determined	 that	 it	
corresponded	 to	 the	 most	 nonlinear	 operation	 point	 of	 the	 system.	 A	 different	
perturbation	amplitude	was	used	in	each	experiment.	12	perturbation	amplitudes	were	










































2.	 It	 can	 be	 observed	 that	 all	 the	 spectra	 present	 a	 depressed	 capacitive	 semicircle.	




Reaction	 (HER)	kinetics	 [54].	Moreover,	 the	semi-circles	are	displaced	away	 from	the	
origin.	This	displacement	is	due	to	the	electrolyte	resistance.	Although	the	general	shape	








results	 have	 a	 very	 high	 reproducibility.	 For	 clarity	 purposes,	 since	 they	 are	 nearly	
identical,	only	the	results	of	one	of	the	replicate	blocks	are	presented	in	figure	2.	Since	
a	 random	order	 strategy	was	 used,	 the	 fact	 that	 the	 results	 are	 highly	 reproducible	
implies	that	no	significant	time	drift	took	place	during	the	experiments.	Consequently,	





to	 3	 mA)	 are	 almost	 identical,	 and	 discrepancies	 can	 only	 be	 observed	 in	 the	 low	
frequency	zone.		This	variation	of	the	spectra	for	low	frequencies	is	not	due	to	the	effect	





low	 amplitudes	 the	 signal-to-noise	 ratio	 is	 very	 low,	 and	 this	 results	 in	 a	 very	 high	
variability	in	the	measurement	at	low	frequencies.	This	causes	the	noisy	pattern	in	the	















Where	𝐼BCDEFG 	stands	 for	 the	 input	 signal	 amplitude	 and	𝐼EHCBI 	represents	 the	 signal	
noise	amplitude.	𝑙𝑜𝑔?@ 	corresponds	with	 the	decimal	 logarithm.	The	values	of	𝐼BCDEFG 	
and	𝐼EHCBI 	can	 be	 obtained	 from	 the	 Fourier	 transform	 of	 the	 applied	 perturbation	
signal.	On	 the	 one	hand,	𝐼BCDEFG 	corresponds	with	 the	 amplitude	of	 the	 fundamental	
component	of	 the	perturbation	 signal.	Naturally,	 the	 value	of	𝐼BCDEFG 	obtained	 in	 this	
manner	has	to	be	very	similar	to	the	perturbation	amplitude	selected	for	performing	the	
EIS	measurement.	On	the	other	hand,	𝐼EHCBI 	corresponds	with	the	amplitude	of	the	most	
important	 non	 fundamental	 harmonic	 of	 the	 perturbation	 signal.	 In	 this	 work,	 the	
perturbation	applied	for	each	frequency	was	stored	(in	the	time	domain)	during	the	EIS	
measurement.	 Then,	 a	 Fast	 Fourier	 Algorithm	 (FFT)	 was	 applied	 to	 each	 one	 of	 the	
stored	signals,	in	order	to	obtain	the	signals	in	the	frequency	domain.	In	this	way,	the	
values	 of	𝐼BCDEFG 	and	𝐼EHCBI ,	 and	 therefore	 the	 value	 of	𝑆𝑁𝑅 ,	 were	 obtained	 for	 each	









amplitude.	 This	 means	 that	 after	 a	 threshold	 amplitude,	 further	 increases	 in	 the	





As	 it	 can	 be	 observed	 in	 figure	 2.b,	 the	 spectra	 obtained	 with	 high	 perturbation	




amplitude,	 for	 amplitudes	 greater	 than	 3	mA,	 causes	 a	 significant	 expansion	 of	 the	
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as	 in	 the	 low	 amplitude	 case.	 The	 expansion	 of	 the	 low	 frequency	 zone	 of	 the	 EIS	




In	 short,	 the	perturbation	 amplitude	has	no	 significant	 effect	 on	 the	 spectra	 for	 low	
amplitudes.	For	these	low	amplitudes,	the	observed	variability	in	the	obtained	spectra	
is	due	to	the	variability	 inherent	to	the	measurement,	which	 is	closely	related	to	the	

















of	 the	 spectrum	may	 introduce	 a	 bias	 in	 the	 results	 of	 the	 analysis	 because	 of	 the	







by	Ohm’s	 law,	while	 the	second	one	 is	dominated	by	Fick’s	 law.	Both	 laws	are	 linear	
laws.	This	explains	why	the	system	behaves	linearly	at	high	frequencies,	even	for	high	
perturbation	 amplitudes.	 On	 the	 other	 hand,	 in	 the	 studied	 system,	 the	 dominant	
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the	 parameters	 of	 an	 equivalent	 circuit	model	with	 the	 perturbation	 amplitude	was	





time	constants	 𝑄K; 𝑅L 	is	 related	 to	 the	Hydrogen	Evolution	Reaction	 (HER)	kinetics;	





in	 section	 3.1,	were	 fitted	 to	 the	 equivalent	 circuit	 shown	 in	 figure	 4.	 The	 obtained	





fit	 the	 experimental	 spectra	 obtained	 for	 perturbation	 amplitudes	 lower	 than	8	mA;	





𝑅?, 𝑅K	𝑎𝑛𝑑	𝑅L 	obtained	 from	 the	 fitting	 of	 each	 experimental	 spectrum.	 It	 can	be	

























overall	 shape	of	 the	 spectrum	causes	 the	change	 in	 the	 trend	of	 the	 fitted	values	of	
parameters 	𝑅K	𝑎𝑛𝑑	𝑅L .	 In	 short,	 the	 fitted	 values	 of	 parameters 	𝑅K	𝑎𝑛𝑑	𝑅L 	vary	
significantly	for	perturbation	amplitudes	greater	than	3	mA.	
	
On	 the	other	hand,	 figure	6	shows	 the	values	of	 the	parameters	associated	with	 the	
constant	 phase	 elements	 (CPE)	 of	 the	 model	 obtained	 from	 the	 fitting	 of	 each	





that	 the	 values	 of	𝑄?	𝑎𝑛𝑑	𝛼? 	do	 not	 vary	 significantly	 with	 the	 amplitude	 of	 the	
perturbation	 for	 amplitudes	 lower	 than	 8	 mA:	 the	 observed	 variations	 in	 these	
parameters	are	due	to	the	variability	introduced	in	the	fitting,	because	of	the	low	weight	
of	 the	 high	 frequency	 semicircle.	 As	 it	 was	 stated	 in	 section	 5.1,	 an	 increase	 in	 the	
perturbation	 amplitude	does	not	 distort	 significantly	 the	high	 frequency	 zone	of	 the	
spectra,	so	it	is	logical	that	the	parameters	of	the	CPE	associated	to	the	high	frequency	
semicircle	are	not	 significantly	affected	by	 the	perturbation	amplitude.	However,	 for	
very	high	amplitudes	it	was	observed	that	the	overall	shape	of	the	spectra	varied:	this	
change	 in	 the	general	shape	causes	a	significant	variation	of	 the	values	of	𝑄?	𝑎𝑛𝑑	𝛼?	





this	 semicircle,	𝛼K ,	 is	 equal	 to	 1	 for	 amplitudes	 lower	 than	 4	 mA:	 therefore,	 the	
intermediate	frequency	semicircle	is	a	perfect	semicircle,	associated	to	a	pure	capacitive	









A	 common	 approach	 used	 to	 analyse	 circuits	 with	 CPEs	 is	 to	 work	 with	
pseudocapacitances,	rather	than	with	the	CPE	parameters	themselves.	Macdonald	[66],	













CPEs	 of	 the	 considered	 equivalent	 circuit	 (figure	 4).	 It	 was	 observed	 that	 the	
pseudocapacitances	display	the	same	trends	with	the	perturbation	amplitude,	than	the	









of	 0.1	 mA.	 On	 the	 other	 side,	 for	 amplitudes	 larger	 than	 8	 mA,	 the	 parameter	𝜒K	
increases	 with	 the	 amplitude	 of	 the	 perturbation:	 the	 spectrum	 distortion	 is	 so	
significant	for	amplitudes	above	8	mA	that	it	modifies	the	overall	shape	of	the	spectrum,	
causing	that	the	equivalent	circuit	is	no	longer	able	to	model	the	shape	of	the	spectra.	






3.3.	 Quantitative	 analysis	 of	 the	 effect	 of	 the	 perturbation	 amplitude	 on	 the	
fitting	parameters	
	
After	 analysing	 qualitatively	 the	 effect	 of	 the	 perturbation	 amplitude	 on	 the	 fitted	
parameters,	the	next	step	is	to	quantify	that	effect.	In	previous	works	it	was	determined	
that	the	optimum	amplitude	(maximum	perturbation	amplitude	that	does	not	generate	
significant	 nonlinear	 effects)	 for	 measuring	 impedance	 spectra	 of	 the	 experimental	
system	used	in	this	work	was	of	2	mA.	The	methodology	used	to	determine	the	optimum	
perturbation	amplitude	was	presented	in	FDFC	2015	[68],	and	in	a	previous	paper	[69].	
This	 methodology	 consists	 in	 measuring	 the	 spectrum	 of	 the	 system	 for	 different	
perturbation	 amplitudes	 in	 the	 time	 domain	 (as	 in	 this	 work).	 Using	 a	 Fast	 Fourier	
Transform	(FFT)	algorithm	the	response	signals	in	the	frequency	domain	are	obtained;	
and	the	total	harmonic	distortion	(THD)	parameter	of	the	response	signal	is	calculated	
for	 each	 perturbation	 amplitude.	 This	 parameter	 quantifies	 the	 level	 of	 non-













Where	 𝜀YZ 	denotes	 the	 relative	 error	 of	 parameter	𝑋C 	 	𝑅?, 	𝑅K, 	𝑅L, 𝑄?, 𝑄K, 𝛼?, 𝛼K .	







contribution	 of	 the	 fitting	 process	 should	 be	 eliminated.	 The	 fitting	 relative	 error	 in	
parameter 	𝑋C , 	𝜉YZ ,	 can	 be	 determined	 from	 the	 fitting	 error	 of	 the	 corresponding	










Where	𝜉YZ 𝑟𝑒𝑓 	stands	for	fitting	relative	error	in	parameter	𝑋C 	for	the	reference	case.	














































cathodic	 electrode	 of	 an	 alkaline	 electrolyser	 present	 significant	 distortions	 for	 high	
perturbation	amplitudes	(above	5	mA),	due	to	the	nonlinearity	of	the	system.	It	has	been	
shown	 experimentally	 that	 the	 non-fulfilment	 of	 the	 linearity	 condition	may	 lead	 to	
significant	distortions	in	the	measured	EIS	spectra;	and	thus,	to	significant	errors	in	the	
parameters	 obtained	 from	 the	 experimental	 spectra.	 However,	 not	 all	 the	 model	




This	 is	 due	 to	 the	 fact	 that	nonlinearity	only	 arises	under	 a	 frequency	 threshold:	 for	
frequencies	 above	 the	 threshold,	 the	 system	 behaves	 linearly	 even	 for	 very	 high	
perturbation	amplitudes.		
	
These	 results	highlight	 the	 importance	of	 the	 linearity	 condition	 fulfilment:	 failing	 to	
achieve	this	condition	(high	perturbation	amplitudes)	may	lead	to	dramatic	distortions	
of	 the	 spectra,	 and	 significant	 bias	 and	 errors	 in	 the	 obtained	 model	 parameters,	













𝑄H	 	 Constant	phase	element	pseudo-capacitance		/	𝐹 ∙ 𝑠ij?	
𝑅	 	 Resistance	/	𝛺	
𝑈		 	 Potential	/	𝑉	
𝑋C 	 	 i-th	model	parameter		









𝜀YZ 		 	 Relative	error	of	parameter	𝑋C 	
𝜀′`IFE			 Mean	normalized	relative	error	of	the	fitted	parameters	
𝜀′YZ 		 	 Normalized	relative	error	of	parameter	𝑋C 	
𝜉YZ 		 	 Fitting	relative	error	in	parameter	𝑋C 		
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Figure	 2.	 Impedance	 spectra	 of	 the	 cathodic	 electrode	 of	 an	 alkaline	 electrolyser	
operating	 at	 a	 DC	 current	 of	 -10	mA,	 for	 low	 perturbation	 amplitudes	 (a)	 and	 high	
perturbation	amplitudes	(b)	










































2	 5	mA	 14	 9	mA	 26	 7	mA	
3	 4	mA	 15	 2	mA	 27	 4	mA	
4	 1	mA	 16	 0.5	mA	 28	 2	mA	
5	 0.5	mA	 17	 5	mA	 29	 0.1	mA	
6	 7	mA	 18	 10	mA	 30	 6	mA	
7	 3	mA	 19	 7	mA	 31	 0.5	mA	
8	 2	mA	 20	 8	mA	 32	 1	mA	
9	 6	mA	 21	 0.1	mA	 33	 10	mA	
10	 8	mA	 22	 4	mA	 34	 8	mA	
11	 9	mA	 23	 1	mA	 35	 5	mA	
12	 10	mA	 24	 6	mA	 36	 3	mA	
	











